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ABSTRACT
Recent advances in the cryopreservation of mouse sperm have
resulted in dramatically improved in vitro fertilization (IVF)
rates, but the biological mechanisms underlying the techniques
remain unclear. Two different classes of compounds have been
widely utilized to improve the IVF rates of cryopreserved mouse
sperm: antioxidants and cyclodextrins. To determine how
cryopreservation reduces mouse sperm IVF and how antioxi-
dants and cyclodextrins mitigate this effect, we examined sperm
function and oxidative damage after cryopreservation, with and
without treatments, in mouse strains important for biomedical
research. Our investigation revealed mouse strain-specific
effects on IVF by modulation of oxidative stress and cholesterol
efflux of cryopreserved sperm. Antioxidants improved IVF rates
of C57Bl6/J cryopreserved mouse sperm by reducing hydrogen
peroxide produced by sperm mitochondria and ameliorating
peroxidative damage to the sperm acrosome. Enhancing
cholesterol efflux with cyclodextrin restored capacitation-
dependent sperm function and IVF after cryopreservation of
C57Bl/6J, C57Bl/6N, and 129X1 mouse sperm. Our results
highlight two accessible pathways for continued development of
IVF techniques for mouse sperm and provide novel endpoints
prognostic of IVF success. These insights may improve sperm
cryopreservation methods of other mouse strains and species.
acrosome reaction, cryopreservation, in vitro fertilization (IVF),
oxidative stress, sperm capacitation
INTRODUCTION
Researchers attempting to cryopreserve sperm for archival
of genetically modified mouse models have long been
hampered by the severely reduced in vitro fertilization (IVF)
rates for the inbred mouse strains most commonly used for
genetic manipulation, C57Bl/6J (B6/J) and 129 substrains [1–
5]. As a result, a wealth of new cryopreservation techniques to
improve IVF rates has been published in the last few years [6–
11]. The range of approaches utilized in these protocols is
broad, but the two dominant methods include antioxidant
supplementation [7–9] and the use of the high-affinity
cholesterol acceptor macromolecule methyl-beta-cyclodextrin
(CD) [3, 6, 8].
Improving IVF rates of B6/J sperm with antioxidants,
during or after cryopreservation, suggests that some form of
oxidative stress is interfering with IVF. Cryopreserved sperm
of many species have shown evidence of oxidative stress,
including elevated reactive oxygen species (ROS) production
[12–15], reduced antioxidant capacity [16–18], membrane lipid
peroxidation [18–21], and oxidative DNA damage [22–24].
Sperm are highly vulnerable to attack from ROS due to low
cytoplasmic antioxidant capacity and membrane high polyun-
saturated fatty acid content [25, 26]. While sperm generate
ROS as an important component of signal transduction-
stimulating capacitation [27], excessive levels of ROS impair
sperm function by reducing sperm motility [28] and preventing
normal acrosome reaction [29], and have been associated with
male-factor infertility [30].
Similarly, increased efficiency of cholesterol removal by
CD from cryopreserved B6/J sperm membranes is associated
with higher IVF rates [6]. Efflux of membrane cholesterol is an
essential initiation step of sperm activation and capacitation
[31, 32], and CD has been shown to potently mediate these
processes [33, 34]. The cooling and subsequent warming
during cryopreservation disorganizes membrane lipids [35–37]
and reduces membrane fluidity [38], potentially interfering
with capacitation-associated membrane remodeling and cho-
lesterol dynamics.
Due to the widespread use of the B6/J mouse strain for
genetically modified mouse models, a substantial amount of
research has been done to understand why these sperm lose
fertilization ability after cryopreservation. The consensus is that
cryopreserved B6/J sperm fail to penetrate the zona pellucida
of the oocyte [5], based upon the improvement of IVF by
removing, thinning, or drilling holes in the zona pellucida [5,
39], or performing intracytoplasmic sperm injection [40]. To
successfully penetrate the zona pellucida, sperm must locate
and pass through the extracellular matrix of the cumulus-
oocyte complex (COC), undergo the acrosome reaction, and
possess hyperactivated motility for sufficient mechanical force
[41, 42]. Cryopreserved B6/J sperm are not deficient in
percentage or progressive motility and are able to effectively
bind the zona pellucida [1, 5, 43]. High-magnification electron
microscopy of B6/J sperm during cryopreservation has shown
damage to the sperm head membrane overlying the acrosome
[5]. These lesions were reduced in mouse strains and IVF rates
were unaffected by cryopreservation, suggesting an important
role in IVF [5]. Incubation with glutathione (GSH) results in
increased thiol content of the zona pellucida and expansion of
the zona pellucida after IVF with cryopreserved B6/J sperm [8,
9], but the relationship of these changes to fertilization is
unclear. Combined, this evidence suggests that oxidative stress
is somehow interfering with zona pellucida penetration of B6/J
mice.
1Supported by NIH grant D010924. B.C.D. is a Fellow of the Jane
Coffin Childs Memorial Fund for Medical Research.
2Correspondence: E-mail: trm4@med.unc.edu
Received: 13 March 2013.
First decision: 11 April 2013.
Accepted: 29 May 2013.




Insufficient attention has been given to the biological
mechanisms underpinning how these new protocols improve
IVF rates. Understanding the biological basis for these
improvements should aid in the development of protocols for
cryopreservation of sperm where current techniques are
unsatisfactory. Furthermore, it may be possible to apply these
IVF techniques to other mouse strains commonly used for
genetic manipulation and to improve the outcomes of B6/J
mouse sperm cryopreservation beyond current levels. In this
study we expand the testing of antioxidants and CD to
cryopreserved 129X1 and C57Bl/6N (B6/N) mice, and use
mouse strain-specific responses in IVF rates to show what
aspects of oxidative damage and sperm function are determi-
nant of IVF rate after cryopreservation.
MATERIALS AND METHODS
Media, Reagents, and Animals
All animals used in this study were obtained from Jackson Laboratories or
were bred in our animal facilities and were used in accordance with all
guidelines of the Institutional Animal Care and Use Committee of the
University of North Carolina at Chapel Hill. Fluorescent dyes SYTOX Blue,
propidium iodide, Alexa488-conjugated soybean trypsin inhibitor, and





) fluorescent sensors PF6-AM, MitoPY1, and PG1 were
synthesized in the laboratory of Dr. Chris Chang at the University of California
at Berkeley. All chemicals not otherwise mentioned were obtained from Sigma.
Human tubal fluid (HTF) was purchased from Irvine Scientific and was
supplemented with 4 mg/ml fatty acid-free bovine serum albumin (BSA) before
use. Experiments utilizing HTF were carried out in an incubator at 378C with
5% CO
2
in air added. Reduced GSH was added to HTF medium for sperm
capacitation and IVF where indicated at 1 mM, and was allowed to equilibrate
overnight before usage [9, 11]. CD, when used, was added to HTF at 0.75 mM
along with 1 mg/ml of polyvinyl alcohol, and was only used for a 30-min sperm
capacitation period [6].
Sperm Cryopreservation
Sperm were cryopreserved from B6129XF1, FVB/NJ, B6/J, B6/N, and
129X1/J male mice from 3–6 mo of age housed individually for at least 1 wk
before sperm collection. Each cryopreserved sample utilized cauda epididymi-
des, and vas deferentia were removed from two mice. Sperm were
cryopreserved by the Nakagata method [2] by nicking each cauda epididymis
five times and allowing 2 min for sperm to disperse into cryoprotectant medium
composed of 18% raffinose and 3% skim milk with or without 477 lM
monothioglycerol (MTG) [7]. The osmolarity of the cryoprotectant medium
was verified to be within 485–495 mOsm with an Advanced Micro Osmometer
(Advanced Instruments). Sperm were cryopreserved in 0.25 ml insemination
straws by exposure to lipid nitrogen vapor as described by Stacy et al. [44] and
stored under liquid nitrogen until use.
In Vitro Fertilization
Cryopreserved sperm were prepared for IVF by thawing straws with 378C
water and diluting the thawed sample into 200 ll of HTF. Freshly collected
sperm for IVF experiments were prepared similarly to cryopreservation, except
HTF was used in place of cryopreservation medium. Sperm suspensions were
diluted and analyzed for motile concentration by computer-assisted sperm
analysis (CASA; see Sperm Motility following this section) and added to 500-ll
IVF drops to a final concentration of 0.2 million motile sperm per milliliter.
Sperm were capacitated 60 min before IVF. Female B6129XF1 mice aged 8 to
16 wk were superovulated with 5 IU of equine chorionic gonadotropin
followed by 5 IU of human chorionic gonadotropin (HCG) 48 h later. COCs
were collected from female reproductive tracts 13 h after HCG administration,
and two to four COCs were added to each IVF. IVF reactions were allowed to
proceed 4–6 h, and oocytes were washed through four 200-ll drops of HTF.
Fertilization was assessed as formation of 2-cell embryos 24 h after initiation of
the IVF.
Sperm Motility
For studies of sperm motility, CASA was performed on Hamilton Thorne
Biosciences IVOS with software version 12.3B using parameters for mouse
sperm previously described [45]. Sperm were prepared for analysis by dilution
of 10 ll of concentrated suspensions, either cryopreserved or freshly collected,
into 1 ml of HTF and incubated 90 min before loading into 100-lm-deep Leja
sperm analysis chambers. The CASAnova software algorithm was used for
classification of sperm motility patterns [45]. For examination of capacitation-
dependent motility patterns necessary for fertilization, the CASAnova
hyperactive and intermediate patterns were combined.
Sperm Zona Pellucida Binding Ability
Sperm were allowed to incubate with COCs under IVF conditions for 1 h,
at which time COCs were removed from the IVF reaction and treated with
0.1% hyaluronidase for 5–10 min to remove any adherent cumulus cells.
Sperm-oocyte complexes were then washed four times to remove any loosely
bound sperm and fixed by 1.25% glutaraldehyde in PBS with 1 mg/ml
polyvinylpyrrolidone (PVP; PBS-PVP) for 10 min. Sperm and oocyte DNA
were then stained by 1 ug/ml DAPI (40,6-diamidino-2-phenylindole) in PBS-
PVP for 10 min and subsequently washed. Sperm-oocyte complexes were
mounted with Slow Fade Gold anti-fade mounting reagent (Invitrogen) on
slides within 120-lm Secure Seal adhesive spacers (Invitrogen). Bound sperm
were counted by differential interference contrast and DAPI fluorescent
microscopy at 4003 magnification on a Zeiss AxioImager M2 (Carl Zeiss).
Acrosome Reaction within the COC Extracellular Matrix
Given that in a recent report mouse sperm during in vitro fertilization
primarily underwent acrosome reaction as they passed through the outer
vestments of the COC rather than at the surface of the zona pellucida [46], we
assessed the ability of cryopreserved sperm to undergo this process. Sperm
were diluted into HTF containing 5 lg/ml Hoechst 33342 to stain sperm DNA,
allowed to capacitate 60 min, and then placed in an IVF reaction with 2 lg/ml
Alexa488-conjugated soybean trypsin inhibitor to label acrosome-reacted
sperm [47, 48]. The IVF reaction was allowed to proceed for 30 min, as longer
IVF times resulted in a significant proportion of the oocytes being penetrated at
the time of assessment, altering their ability to bind acrosome-reacted sperm
[48]. COCs were then washed in HTF and fixed with 2% paraformaldehyde in
PBS-PVP for 60 min. Sperm counts within the COC were performed on a Zeiss
AxioImager M2 at 2503 magnification using Hoechst fluorescence for total
sperm numbers and Alexa488 fluorescence for acrosome-reacted sperm
(Supplemental Fig. S1; all supplemental data are available online at www.
biolreprod.org).
Flow Cytometry Measurements
Flow cytometry analyses were performed with a Beckman-Coulter CyAn
(Dako), with ten thousand sperm-specific events collected and nonsperm events
gated out by forward- and side-scatter properties. SYTOX Blue staining was
assessed using the 405-nm laser and 450/50 detector. PF6-AM [49] and
MitoPY1 [50] were measured with the 488-nm laser coupled with the 530/40
detector. HEPES-buffered BWW medium [51] supplemented with 4 mg/ml
BSA was used in lieu of HTF for all flow-cytometric analyses, except for
BODIPY 581/591 staining, in which 1 mg/ml polyvinyl alcohol was used in
place of BSA.
Measurement of Hydrogen Peroxide Levels





measurements in several different cellular contexts. The family of probes used





[52–54]. The specificity comes from the accompanying groups
attached to the fluorophore scaffold [52–54]. Flow cytometry was used for














with a mitochondrial-targeted boronate-based
probe, MitoPY1 (Supplemental Fig. S2B) [50]. Staining was carried out by
incubation of sperm in 200 ll of BWW-HEPES with 5 lM of either PF6-AM
or MitoPY1 for 30 min. Sperm were washed by addition of 1 ml of 378C
BWW-HEPES, centrifugation at 300 3 g for 3 min, and resuspension in 500 ll
of BWW-HEPES containing 1 lM SYTOX Blue. Flow cytometry was
performed immediately following staining with MitoPY1. PF6-AM-stained
sperm were incubated 30 min before analysis to allow probe activation by




added were used as
a positive control. Results from these probes are presented as the mean













probe that is active intracellularly and in the extracellular media (Supplemental
Fig. S2C) [55]. Sperm were diluted into 200 ll of HTF lacking phenol red,
analyzed for motile concentration, and added to a 250-ll reaction volume at 0.2
million motile sperm per milliliter to mimic IVF conditions. PG1 was then
added to the sperm suspension at a final concentration of 5 lM and incubated 1
h. The fluorescence of stained sperm suspensions was measured in duplicate in
clear-bottomed 96-well plates by a FLUOstar Optima plate reader (BMG
Labtech). Results are presented as relative fluoresce units after the value of a




added was used as
a positive control.
Detection of Lipid Peroxidation
To assess lipid peroxidation sperm, were stained in 200 ll BWW-HEPES
containing 5 lM BODIPY 581/591 for 30 min at 378C [56]. Sperm treated with
80 lM ferrous sulfate were used as a positive control [56]. All cryopreserved
sperm possessed bright green staining on the midpiece, and the intensity of this
staining by flow cytometry was not different among strains (data not shown).
We then microscopically examined the localization of membrane lipid
peroxidation by allowing BODIPY-stained sperm to swim up for 10 min into
40 ll of BWW-HEPES containing 10 lM propidium iodide. Sperm were then
placed on warmed, charged slides, and at least 100 sperm without propidium
iodide staining were immediately assessed for green lipid peroxidation staining
on the sperm head or the principal piece (see Figs. 2A and 3C).
Statistical Analysis
Statistical analyses were performed by Microsoft Excel 2004 version 11.6.6
(Microsoft). Four biological replicates were performed for each strain and
treatment for all assays. Statistical significance was determined by two-tailed
unpaired t-tests, and differences with P , 0.05 were considered significant.
RESULTS
Effects of Cryopreservation on B6/J Mouse Sperm
Cryopreservation of B6/J sperm causes a substantial
decrease in IVF rate. In contrast, a negative control strain, a
B6/J 129X1 F1 hybrid (B6129XF1), did not have statistically
significant declines after cryopreservation (Fig. 1A). Low
fertilization rates of B6/J with protocols routinely successful
with other mouse strains have led to the use of antioxidants
(MTG and GSH) and CD to improve IVF rates [6–11]. We
validated that these compounds significantly improved IVF
rates of cryopreserved B6/J sperm (Fig. 1A), but also found
that none of the compounds fully restored the IVF rate to levels
similar to unfrozen B6/J sperm (Fig. 1A)
Because of the observed improvement in IVF rates of B6/J
cryopreserved sperm with antioxidants, we analyzed the





different contexts: total (Supplemental Fig. S3A) [55],
intracellular (Supplemental Fig. S3B) [49], and mitochondrial





elevated in B6/J sperm compared to the control strains





were only affected by antioxidant GSH and not MTG,
despite the ability of MTG to improve IVF rate (Supplemental
Fig. S3, A and B). Collectively, these results show that there is









levels were significantly higher in B6/J
sperm than in the B6129XF1 control, both before (P , 0.0001)
and after (P¼ 0.0011) cryopreservation (Fig. 1B). While there




levels in the control strain
after cryopreservation, these levels were still below that of
unfrozen B6/J sperm (P , 0.05; Fig. 1B). Both antioxidants,





precryopreservation levels, consistent with their ability to
improve IVF rates (Fig. 1, A and B). Surprisingly, treating





(Fig. 1B). Although the trend for all of the data shows a





IVF rate for B6/J and B6129XF1 sperm (r¼0.7588; Fig. 1C),
CD treatment does not fit this pattern, suggesting a downstream
role (see discussion). For MTG and GSH, the inverse





antioxidants is a mechanism for improving IVF rates of B6/J
sperm.
We also investigated the location of lipid peroxidation on
sperm plasma membranes after cryopreservation and its
influence on IVF rate. Sperm membrane lipids are vulnerable
targets of ROS, and their peroxidation can affect functions
necessary for fertilization, including motility and the acrosome
reaction [29, 57]. We found more frequent lipid peroxidation
over the sperm head of cryopreserved B6/J sperm than that of
the control strain (Fig. 2, A and B). Furthermore, both
antioxidants were able to reduce the percentage of cryopre-
served B6/J sperm with lipid peroxidation on the sperm head to
levels similar to those of the control strain (Fig. 2B). CD did
not have any effect on the presence of lipid peroxidation on B6/
J sperm membranes after cryopreservation (Fig. 2B). We also
assessed lipid peroxidation on the principal piece of cryopre-
served sperm, but there was no statistical difference between
B6129XF1 and B6/J (Supplemental Fig. S3C).
After locating two sites of significant oxidative stress in
cryopreserved B6/J sperm, we wanted to identify sperm
functions damaged by cryopreservation. We first determined
cryopreserved B6/J sperm were able to readily penetrate the
extracellular matrix of the COC and bind the zona pellucida of
the oocyte (Supplemental Fig. S4, A and B). This suggests
cryopreserved B6/J sperm were unable to penetrate the zona
pellucida, which could be due to an inability to achieve
hyperactivated motility or undergo acrosome reaction. To
assess sperm motility, we utilized CASA coupled with an
algorithm for classifying the motility patterns [45]. We found
cryopreserved B6/J sperm were not deficient in percentage,
progressive, or hyperactivated motility compared to the control
strain (Supplemental Fig. S5, A–C). We then assessed the
ability of cryopreserved B6/J sperm to undergo acrosome
reaction as they approached the oocyte through the cumulus
cell matrix. Cryopreserved B6/J sperm within COCs possessed
a reduced percentage of reacted acrosomes compared to the
control strains, and both antioxidants and CD were able to
increase this percentage (Fig. 2C). These data indicate that B6/J
sperm are unable to effectively undergo acrosome reaction after
cryopreservation, but this failure is eliminated with antioxidant
and CD treatment.
Because of the divergent effects of CD and antioxidants on
ROS and the report of increased IVF rates after combining
GSH and CD in Takeo and Nakagata [8], we tested the effects
of combinations of antioxidants and CD on IVF of cryopre-
served B6/J sperm. Although Takeo and Nakagata [8, 11]
added glutamine to the sperm cryopreservation medium and
used TYH medium for sperm capacitation, we examined
antioxidants and CD together with standard cryopreservation
medium and standard IVF media to control for composition
differences. In standard IVF media, both MTG with CD and
GSH with CD failed to improve the IVF rate beyond the
antioxidants alone (P . 0.05; Supplemental Fig. S6A).
Combining CD with GSH eliminated its capacity to reduce




levels (Supplemental Fig. S6,





MTG (Supplemental Fig. S6C). These results suggest that
glutamine and TYH medium may be responsible for the
effectiveness of combining CD with an antioxidant.
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, which is reduced by antioxidants. A) IVF
rates measured by 2-cell embryo formation of freshly collected and cryopreserved sperm from B6/J and two control mouse strains. Letters indicate


















levels (r ¼0.7588) indicates a strong relationship between these two endpoints for the control
strains and B6/J. Differences were analyzed by two-tailed, unpaired t-test. Four biological replicates were performed for each group, and data are
represented as the mean 6 SEM. *, **, ***, and # indicate P , 0.05, 0.01, 0.001, and 0.001, respectively, by two-tailed, unpaired t-test compared to
cryopreserved sperm of the same mouse strain.
"
FIG. 2. Lipid peroxidation on the head of B6/J cryopreserved sperm is associated with reduced acrosome reaction within COCs. A) Lipid peroxidation
assessed by BODIPY 581/591 fluorescence is increased on the head of cryopreserved B6/J sperm (arrow) compared to that of B6129XF1. The membrane
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staining of at least 100 propidium iodide-negative sperm were assessed for staining of the sperm head (B). Increased staining on the head of cryopreserved
B6/J sperm compared to that of the control strain was reduced by antioxidants, but unaffected by CD. Original magnification 3630. C) Assessment of
acrosome reaction status of cryopreserved sperm within COC. The percentage of sperm with reacted acrosomes is lower for cryopreserved B6/J sperm, but
restored with CD or antioxidant treatments. Differences were analyzed by two-tailed, unpaired t-test. Four biological replicates were performed for each
group, and data are represented as the mean 6 SEM. *, **, ***, and # indicate P , 0.05, 0.01, 0.001, and 0.001, respectively, compared to cryopreserved
sperm of the same mouse strain.
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FIG. 3. Restoration of IVF rates of cryopreserved B6/N and 129X1 sperm by CD is associated with reduced lipid peroxidation of the sperm head. A) IVF
rates, measured by 2-cell embryo formation of freshly collected and cryopreserved sperm, from B6/N, 129X1, and control mouse strains FVB/NJ. CD fully









production was unchanged by cryopreservation in B6/N and 129X1 sperm,




production of 129X1 sperm to levels similar to those of FVB/N. C) Lipid peroxidation
assessed by BODIPY 581/591 fluorescence is increased on the head of cryopreserved B6/N and 129X1 sperm (arrow) compared to B6129XF1, and was
reduced by CD. Lipid peroxidation was also increased on the principal piece of 129X1 sperm (arrowhead). Original magnification3630. D) The frequency
GRAY ET AL.
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Effects of Cryopreservation on B6/N Mouse Sperm
Because the B6/N substrain, which is increasingly being
used for large-scale genetic knockout projects [58], has poor
IVF rates after cryopreservation (Fig. 3A), we tested the ability
of antioxidants and CD to improve IVF rates. After
cryopreservation, IVF rates were unaffected by antioxidants,
but were restored to unfrozen levels by CD (Fig. 3A).
Consistent with the failure of antioxidants to improve IVF
rates, mitochondrial (Fig. 3B), total (Supplemental Fig. S3A),





N were similar to the control strain, FVB/N. The compounds
that reduced lipid peroxidation on the head of cryopreserved
sperm differed between B6/N and B6/J. MTG and CD reduced
lipid peroxidation in B6/N (Fig. 3D), and MTG and GSH
reduced levels in B6/J (Fig. 2B). Lipid peroxidative damage to
the membranes of the B6/N sperm head after cryopreservation
was associated with a reduction in acrosome-reacted sperm
within COCs (Fig. 4A). CD increased the percentage of
acrosome-reacted sperm after cryopreservation, but antioxi-
dants did not (Fig. 4A). The data are consistent with loss of
acrosome-reaction ability being the functional determinant of
the IVF rate of these sperm.
Effects of Cryopreservation on 129X1 Mouse Sperm
Because of the importance of 129X1 mice for genetic
manipulation and that mouse strain’s previously characterized
loss of IVF ability during cryopreservation, we wanted to
examine whether this strain underwent damage resembling that
of B6/J or B6/N sperm after cryopreservation, and if IVF rates
could be restored by antioxidants or CD. We found the
reduction in the IVF rate of cryopreserved 129X1 sperm was
unaffected by antioxidants but the IVF rate was fully restored
by incubation with CD, which is similar to the results in B6/N




production of 129X1 cryopreserved sperm to determine if it





production of 129X1 sperm were unchanged by
cryopreservation (Fig. 3B and Supplemental Fig. S3B).
However, CD and, unexpectedly, GSH increased mitochondri-




production to levels comparable to
those of the cryopreserved control strain (Fig. 3B and





, 129X1 cryopreserved sperm had more lipid peroxidation
on the head and principal piece of the sperm tail than did the
control strain (Fig. 3, C and D, and Supplemental Fig. S3C).
CD reduced the percentage of cryopreserved 129X1 sperm
with lipid peroxidation on both of these areas to levels found in
the negative controls (Fig. 3, C and D, and Supplemental Fig.
S4B), while MTG reduced lipid peroxidation only on the sperm
principal piece (Supplemental Fig. S4B).
Next, we investigated how cryopreservation and CD affect
129X1 sperm function. In contrast to B6/J sperm, 129X1
acrosome reaction was not reduced by cryopreservation (Fig.
4A). Several aspects of motility were reduced after cryopres-
ervation compared to the FVB/N control strain, including
hyperactivation, progressive motility, and percentage of
motility (Fig. 4, B–D). CD alleviated all of the reductions in
129X1 motility compared to the control strain, and produced
significantly more motile and hyperactive sperm compared to
129X1 cryopreserved sperm alone. For all the strains in our
study combined, the prevalence of lipid peroxidation on the
sperm head showed a strong negative correlation with the
fertilization rate (r ¼0.8217; Fig. 3E).
DISCUSSION
Our investigation demonstrates two main factors contribut-
ing to reduced rates of IVF of cryopreserved mouse sperm:
mitochondrial oxidative stress and membrane lipid peroxida-
tion. Pharmacological mitigation of these factors in a strain-
specific fashion can significantly restore IVF ability after
cryopreservation. Membrane lipid peroxidation is present in all
three strains exhibiting loss of IVF rate after cryopreservation
in our study, but B6/J alone was also affected by mitochondrial
oxidative stress (Table 1).





strain tested, both before and after cryopreservation. The strong





is consistent with this ROS having a potent ability to interfere





to precryopreservation levels is the mode
of action of antioxidants GSH and MTG in improving IVF
rates of B6/J sperm. Mitochondrial ROS have been implicated
as the primary source of oxidative stress in human sperm,
which is associated with male factor infertility [59] and
characterized as an early event in the intrinsic apoptotic
cascade of human sperm [59, 60].
Recent evidence in human sperm studies suggests mito-
chondrial ROS perpetuate oxidative cycling and lipid perox-
idation [61]. Our data suggest a similar pathogenesis in









is a stable ROS capable of diffusing from its
site of production in the sperm midpiece to the head [62], its
site of membrane damage. The plasma and acrosomal
membranes of the sperm head have long been understood to
be highly susceptible to lipid peroxidation [63]. Electron
microscopy studies of cryopreserved B6/J sperm have shown
frequent membrane structural damage localized to the sperm
head, corroborating our findings [5].
Peroxidation of the membranes present on the sperm head
appears to be responsible for the reduced ability of cryopre-
served B6/J sperm to undergo acrosome reaction. Reduction in
head lipid peroxidation by antioxidants produced associated
improvements in acrosome-reaction rates. This relationship has
been demonstrated in human sperm by the ability of exogenous
ROS to induce lipid peroxidation and reduce ionophore-





as the source of acrosome damage of human





only antioxidant capable of improving acrosome reaction of
ROS-treated human sperm [29]. Only acrosome-reacted sperm
are able to penetrate the zona pellucida of the oocyte [64],
thereby explaining the previously observed defects in zona
pellucida penetration of cryopreserved B6/J sperm [5].
The genetic similarity between the C57Bl/6 substrains, B6/J
and B6/N, suggests a genetic basis for the elevated mitochon-
3
of lipid peroxidation on the head of cryopreserved B6/N and 129X1 sperm was increased compared to that of FVB/N (P , 0.05), and was reduced by CD
in both strains and MTG in B6/N sperm. E) Correlation between IVF rate and sperm head lipid peroxidation among all five strains in our study indicates a
strong relationship between these two endpoints (r¼0.8217). Four biological replicates were performed for each group, and data are represented as the
mean 6 SEM. *, **, ***, and # indicate P , 0.05, 0.01, 0.001, and 0.001, respectively, by two-tailed, unpaired t-test compared to cryopreserved sperm of
the same mouse strain.
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FIG. 4. Mouse strain-specific inhibition of capacitation-dependent sperm function by cryopreservation of B6/N and 129X1 is rescued by CD. A)
Assessment of acrosome reaction status of cryopreserved sperm within COC. The percentage of sperm with reacted acrosomes is lower for cryopreserved
B6/N sperm than for FVB/N (P , 0.001), but increased by CD or MTG. MTG and GSH also increase the percentage of 129X1 sperm that underwent
acrosome reaction. B) CASA assessment of percentage of motility shows CD increased the percentage of 129X1 cryopreserved sperm that are motile, but
reduced the percentage of B6/N sperm that are motile. C) CASAnova classification of sperm motility patterns showed a decrease in progressive B6/N







phenotype of B6/J sperm. The genetic similarity
between the two substrains is very high, with only five single
nucleotide polymorphisms [65] and two genetic deletions [66,
67] between the two strains. One of the characterized deletions
unique to B6/J mice is within the nicotinamide nucleotide
transhydrogenase (Nnt) gene and results in a total loss of the
protein [66, 68]. Nnt is a mitochondrial membrane protein
involved in regeneration of mitochondrial antioxidants [69].
B6/N did not have the susceptibility to cryopreservation-
induced mitochondrial oxidative stress exhibited by B6/J. The
lack of Nnt in B6/J sperm mitochondria may impair
regeneration of endogenous antioxidants GSH and thioredoxin,





The deletion of Nnt in B6/J is associated with a variety of
oxidative stress-based phenotypes, including impaired glucose
tolerance [70], insulin resistance [71], and sensitization to
genetic deletion of antioxidant proteins [66, 72]. Our study
illustrates another instance in which the deletion of Nnt may
play a role in an important phenotype of B6/J.
Our results that show MTG and GSH improved IVF for B6/J
but not for 129X1 or B6/N contrast with other studies. Our
results are largely due to the ability of antioxidants to mitigate




that occurs in B6/
J, but not in 129X1 or B6/N, after cryopreservation. Other strains





after cryopreservation and, like B6/J, benefit from
MTG or GSH treatment. Using significantly smaller IVF
volumes, Bath [9] examined IVF with GSH for cryopreserved
mouse sperm and found that GSH increased IVF rates of B6/J,
FVB/N, 129S1/SvImJ, and C3H/HeJ. However, when using
conditions similar to ours, that study reported GSH increased





from cryopreserved sperm accumulates to inhibitory
concentrations in small IVF volumes, and that these conditions
impair a variety of mouse strains. Unlike Bath [9], we did not test
GSH with FVB/N sperm, because their IVF rate was not
significantly reduced by cryopreservation. Ostermeier et al. [7]
reported that many strains, in addition to B6/J, benefited from
new cryopreservation methodology that included MTG. How-
ever, with the exception of B6/J, these results are confounded by
the other differences in their cryopreservation protocol.
CD improved IVF rates for 129X1, B6/N, and B6/J
cryopreserved sperm, suggesting a common defect in the
efflux of membrane cholesterol. CD has been shown to
efficiently remove cholesterol from the B6/J sperm membranes
after cryopreservation when albumin, which typically serves
this function, is unable to do so [6]. Here we show that CD acts
to allow normal capacitation-dependent sperm function, which
is necessary for IVF in 129X1, B6/N, and B6/J cryopreserved
sperm. Efflux of cholesterol is a key initiation event of sperm
capacitation [73], and the potent ability of CD to induce
capacitation of mouse sperm has been previously demonstrated
[33, 34]. Cryopreservation has been shown to disorganize
membrane lipids [35–37], and evidence suggests that CD
removes cholesterol on a more indiscriminate basis than
physiologically relevant albumin [74, 75], perhaps enabling it
to remove cholesterol when lipid peroxidation has occurred or
normal membrane structure is disrupted. These studies indicate
that if capacitation-dependent sperm function is inhibited by
cryopreservation, CD may improve IVF rates.
The type of capacitation-dependent sperm function rescued
by CD after cryopreservation differed among mouse strains.
CD alleviated cryopreservation-induced inhibition of acrosome
reaction in B6/J and B6/N sperm, and hyperactivated the
motility of 129X1 sperm. 129X1 sperm may be susceptible to
loss of hyperactivated motility due to genetic polymorphisms
in the PGK2 gene, resulting in lower baseline glycolytic rates
[76, 77]. Microscopic evaluation of retention of membrane
cholesterol in cryopreserved B6/J sperm showed pronounced
staining over the acrosome [6], and removal of membrane
cholesterol is necessary for acrosome reaction to proceed [78].
CD’s IVF improvements after cryopreservation also differed
between mouse strains. CD restored IVF rates with cryopre-
served sperm to prefreezing levels in B6/N and 129X1, but
produced only a moderate increase in B6/J sperm. In B6/J




production and promotes IVF by improving the acrosome
reaction. These antagonistic roles explain why CD treatment





production and IVF rates in B6/J. Co-





production and resulted in improved IVF rates compared
to those in CD alone.
It is unclear why CD causes greater ROS production, but it
could be due to elevated capacitation-dependent ROS produc-
tion or the removal of BSA’s antioxidant capacity in CD-
containing media [79, 80]. When we co-administered CD and


















Head lipid peroxidation Acrosome reaction Hyperactivated motility
B6/J strain
MTG ## – – ## "" –
GSH ## ## ## ## "" –
CD "" "" – – "" –
B6/N strain
MTG – – # # " –
GSH – – # – – –
CD – – ## ## "" –
129X1 strain
MTG – – # – " –
GSH " – # – " –
CD "" "" – ## – ""
a Up arrow indicates significantly increased; down arrow indicates significantly decreased; dash indicates unaffected; and double arrows indicate changes
associated with increased IVF.
3
performed for each group, and data are represented as the mean 6 SEM. Differences between cryopreserved sperm of the same mouse strain were
analyzed by two-tailed, unpaired t-test. *, **, ***, and # indicate P , 0.05, 0.01, 0.001, and 0.001, respectively.
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above prefreezing levels, and precryopreservation IVF rates
were not fully restored. This is contrary to the result reported in
Takeo and Nakagata [8], where IVF rates were fully restored
after addition of GSH and CD. That study, however, utilized
TYH medium for sperm capacitation, rather than HTF. Other
labs have analyzed the components in TYH and HTF and
found that media calcium in HTF is detrimental to the IVF of
cryopreserved B6/J sperm [10]. Examination of the effects of
media calcium and ROS production of cryopreserved sperm
warrants further investigation.
The second feature common to strains losing IVF rate after
cryopreservation was lipid peroxidation of the sperm head
membrane. The relationship of sperm head lipid peroxidation
to loss of IVF of cryopreserved B6/J and B6/N sperm is readily
explained by the associated loss of acrosome reaction in these
sperm and the well-defined susceptibility of this organelle to
oxidative stress [29, 63]. It is unclear, however, why 129X1
sperm head lipid peroxidation is not associated with a reduction
in acrosome reaction. 129X1 sperm also had elevated lipid
peroxidation on the principal piece of the flagellum, consistent
with their loss of hyperactivation after cryopreservation.
While the source of membrane lipid peroxidation of B6/J





, 129X1 and B6/N cryopreserved sperm





a different pathogenesis. CD reduced lipid peroxidation in
129X1 and B6/N cryopreserved sperm, suggesting a direct
relationship to the failure to remove membrane cholesterol.
Efflux of sterols from sperm membranes is initiated by their
oxidation [81], and this has been confirmed to occur in mouse
sperm [75]. Retained products of sterol oxidation may be
directly binding to the lipid peroxidation sensor, or they may
serve as nucleation sites for peroxidation of adjacent lipid
groups. It was additionally shown that CD removes oxidized
sterols via a different mechanism than BSA [75], perhaps
accounting for their divergent activities with cryopreserved
mouse sperm. CD did not reduce lipid peroxidation in B6/J
sperm, but this failure may be accounted for by the even greater




produced by these sperm with
CD present. The presence of lipid peroxidation of the head of
cryopreserved mouse sperm indicates that incubation with CD
prior to IVF will likely improve IVF rates.
Our findings illustrate the specific deficiencies of cryopre-
served sperm that can be improved by CD and antioxidants,
and expand use of these compounds to two additional mouse
strains important for biomedical research. This knowledge will
be informative when these technologies are applied to
improving IVF rates of cryopreserved sperm from other
species, mouse strains, or similarly susceptible individuals.
Our studies additionally suggest that B6/J IVF rates may be





found in the control strains while simultaneously combating the
cholesterol efflux defect of these sperm.
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